Group A rotaviruses are a major cause of acute gastroenteritis in young children and in a wide variety of domestic animals (5, 22, 63) . These viruses, belonging to the Reoviridae family, are nonenveloped, icosahedral particles consisting of 11 segments of double-stranded RNA (dsRNA) enclosed in a triple-layered protein capsid (8) . The two outer capsid proteins, VP7 and VP4, independently elicit neutralizing antibodies, which induce protective immunity and are used to classify the rotavirus strains into G (for glycoprotein) and P (for protease sensitive) sero-or genotypes (8) . The inner capsid protein, VP6, bears subgroup (SG) specificities that allow the classification of group A rotaviruses into SGI, SGII, both SGI and SGII, or neither SG based on reactivity with the SGspecific monoclonal antibodies (8) .
The serotypic and genotypic characterization of rotavirus strains is important for determining the extent of the diversity in circulating strains. In extensive serological and genomic studies, 15 G serotypes and 26 P genotypes have been established for rotaviruses of humans and animals thus far (17, 27, 39, 40, 42, 44, 52, 53) . The most common rotavirus G serotypes found in humans are G1, G2, G3, and G9. Although it was originally believed that animal rotaviruses did not infect humans under natural conditions (34) , the intensification of rotavirus surveillance, together with the development of better characterization methods for typing previously nontypeable strains, has resulted in the detection of animal-like rotavirus strains such as porcine-like G5 and bovine-like G6, G8, and G10 in humans with either sporadic or nonsporadic occurrences (1, 3, 4, 12, 14, 20, 23, 24, 28, 30, 38, 48, 49, 56) . This suggests that interspecies transmission of rotaviruses, either as whole virions or by gene segment reassortment, takes place in nature at a relatively high frequency, particularly in developing countries, where humans and animals often live in close physical contact and mixed infections are more common (32, 38, 59, 60) .
Occasional outbreaks of human-like types G1 and G9 (9, 51, 55) and bovine-like types G6, G8, and G10 (23, 43, 50, 51, 62) have been reported in pigs, although the main G serotypes are G3, G4, G5, and G11 (19) . The predominating G and P types of bovine rotaviruses in the field are G6, G8, G10, P [1] , P [5] , and P [11] (41, 53, 58) . Human-like P [14] and porcine-like P [7] virus strains have been reported for bovine rotaviruses (15, 18) . These findings suggest that all possible combinations of G and P types can occur in the field. Therefore, studying the distribution of rotavirus G and P types among various animal species is important for understanding rotavirus ecology and the mechanisms by which rotaviruses evolve, cross the species barriers, exchange their genes during reassortment, and mutate via the accumulation of single-point substitutions and/or via genetic rearrangements. In this study, during the course of characterizing the P and G types of rotavirus strains isolated from calves with diarrhea in South Korea, two novel bovine rotavirus strains having bovine P types and VP3 genes but whose other 9 genes belonged to porcine lineages, were isolated for the first time. Our findings contribute to the growing body of evidence suggesting that interspecies transmission and reassortment events between rotaviruses can occur in nature.
MATERIALS AND METHODS
Origin of virus strains. Rotavirus-positive samples were collected from calves during outbreaks of diarrhea that occurred in different herds in South Korea from 2004 to 2005. The samples were collected directly from the rectums of calves with diarrhea. The reverse transcription (RT)-PCR assay with the primer pair specific for the VP7 gene of rotavirus was used to screen for rotavirus in the diarrheic fecal samples (33) .
The bovine rotavirus strains, KJ44 and KJ75, were isolated from the fecal samples of two calves with diarrhea, which occurred in different cattle farms. The viruses were adapted to grow in African green monkey kidney (TF-104) cell monolayers and were passaged eight times in the presence of 1 g/ml porcine trypsin (1:250; GIBCO Invitrogen Corporation, California), including triple plaque purification prior to characterization.
RNA extraction. Rotavirus dsRNA was extracted from the lysates of rotavirusinfected TF-104 cells using the SV total RNA isolation system reagent (Promega Corporation, Madison, WI) according to the manufacturer's instructions. The total RNA recovered was suspended in 50 l of RNase-free water and stored at Ϫ80°C until used.
RT-PCR. The primers for sequencing all of the segment genes of the bovine rotavirus strains KJ44 and KJ75 were previously described and are listed in Table  1 . Using these different primer sets, the purified dsRNA was reverse transcribed and amplified by PCR using the method described elsewhere (19) .
DNA sequencing and molecular characterization. The RT-PCR products from each gene fragment were purified using a QIAEX II gel extraction kit (QIAGEN Inc., Valencia, CA) according to the manufacturer's instructions. DNA sequencing was carried out using an automated DNA sequencer (ABI system 3700; Applied Biosystems, Inc., Foster City, CA). Using the DNA Basic module (DNAsis MAX; MiraiBio, Alameda, CA), each gene sequence of the KJ44 and KJ75 strains was compared with those of the other known group A rotaviruses (Table 2) .
Phylogenetic analysis. Phylogenetic analyses based on the nucleotide and deduced amino acid alignments were constructed using the neighbor-joining method of Molecular Evolutionary Genetics analysis (MEGA, version 3.1) (36) . A sequence similarity search for the KJ44 and KJ75 strains was performed using the LALIGN Query program of the GENESTREAM network server at the Institut de Génétque Humaine, Montpellier, France (http://www.eng.uiowa.edu/ ϳtscheetz/sequence-analysis/examples/LALIGN/lalign-guess.html).
RESULTS
Sequence analysis of VP7 of KJ44 and KJ75 strains. The VP7 gene of the KJ44 and KJ75 strains was 1,062 nucleotides (nt) long, with two in-phase open reading frames beginning at nt 49 and 136, and a single TAG codon at nt 1027. These nucleotide sequences encoded a predicted protein of 326 or 297 amino acid (aa) residues. When comparing the complete inferred deduced amino acid sequence of the KJ44 and KJ75 strains with those of the rotavirus strains representative of all 15 G serotypes, KJ44 and KJ75 strains showed high amino acid identities to the G5 rotaviruses including the porcine JL94, OSU, A34, A46, C134, and 134/04-15 strains, the equine H1 strain, and the human IAL-28 strain, sharing 90.4% to 99.0% deduced amino acid identity between KJ44 and the other G5 rotaviruses, and 91.1% to 98.7% between KJ75 and the other G5 rotaviruses (Table 3 ). In contrast, the KJ44 and KJ75 strains had comparatively low deduced amino acid identities with the other known G serotypes: the KJ44 strain shared 56.4% to 87.4% identity and the KJ75 strain shared 57.6% to 88.0%. This indicates that the G serotype of the KJ44 and KJ75 strains belongs to serotype G5, which is grouped together with the porcine JL94, OSU, A34, A46, C134, and 134/04-15 strains, the equine H1 strain, and the human IAL-28 strain. Phylogenetic analysis also confirmed that the VP7 gene of the KJ44 and the KJ75 strains was closely related to those of the G5 strains and clustered closely with the porcine G5 strain OSU (Fig. 1) . Moreover, nine hypervariable regions (VR1 to VR9) of the linear amino acid sequence of VP7 were highly conserved in the rotavirus strains within the serotype G5 but were highly divergent with that of the other serotypes (Fig. 2) . The KJ44 and KJ75 strains also shared the conserved features of hydrophobic and hydrophilic regions with all the known serotype G5 strains but not with the other G serotypes (Fig. 2) .
A comparison of the deduced amino acid sequences of the VP7 protein from the rotavirus strains of 15 different G sero- KJ44 and KJ75 strains showed a close relationship with the G5 porcine rotaviruses in these antigenic regions with only a few amino acid changes. Only 1 aa change in the antigenic region D (aa 65 to 76) and no changes in the major antigenic region A (aa 87 to 101), B (aa 143 to 152), C (aa 208 to 221), and F (aa 233 to 242) were observed when the KJ44 and KJ75 amino acid sequences were compared with the sequence of the G5 porcine strain, OSU (Fig. 2) . Sequence analysis of VP4 of KJ44 and KJ75 strains. The deduced amino acid sequence for the VP4 gene encoding 290 aa representing the VP8* and the amino terminus of VP5* of the KJ44 strain was compared with that of rotavirus strains Table 4 ). The sequence of the KJ75 strain was most closely related to that of the bovine strain VMRI of P [5] (95.2% nucleotide and 96.9% amino acid identity) and CJN-M of P [5] (95.3% nucleotide and 96.2% amino acid identity), while the identity with the other P genotypes ranged from 54.5% to 67.9% in nucleotide sequences and from 39.7% to 69.1% in amino acid sequences (Table 4 ). The potential trypsin cleavage sites, Arg-231, Arg-247, and Arg-241, of KJ44 were conserved, and the potential trypsin cleavage site of KJ75 were conserved in the VP8* of P [5] strains (data not shown). The prolines at residues 68, 71, 225, and 226 and the cysteine at position 216 in VP8* of the KJ44 and KJ75 strains were conserved (data not shown). Phylogenetic analysis showed that VP4 of the strain KJ44 clustered most closely with the bovine P [1] genotype NCDV strain and that of KJ75 clustered most closely with the bovine P [5] genotype 678 strain (Fig. 3) . Sequence analysis of VP6 of KJ44 and KJ75 strains. Comparative analysis of the deduced amino acid sequences of a fragment of VP6 (aa 241 to 367) showed a correlation with the SG specificity (31) . The precise nature of the VP6 of the KJ44 and KJ75 strains was determined by sequencing the RT-PCRamplified 379-bp fragment of the VP6 gene of the KJ44 and KJ75 strains, which is associated with SG specificity. The sequences of the KJ44 and KJ75 strains were 100% homologous for nucleotide and amino acids with each other. The deduced amino acid sequence of the VP6 gene had 100% amino acid identity (99.0% nucleotide identity) to SGI porcine rotavirus JL94 (G5 serotype), 89.6% to 91.2% amino acid identity (77.4% to 79.0% nucleotide identity) to the other bovine SGI strains, UK, WC3, and NCDV, and 89.6% to 98.4% amino acid identity (78.2% to 90.5% nucleotide identity) to the human SG1 strains, S2 and RMC321. Phylogenetic analysis also showed that the KJ44 and KJ75 strains were clustered with the porcine strain JL-94 within the major branch of the SGI rotaviruses (Fig. 4A) . The bovine SG1 strains, UK, WC3, and NCDV, and the human SGI strains, S2 and RMC321, were clustered on a separate major branch.
Sequence analysis of NSP4 of KJ44 and KJ75 strains. Sequence analyses of the NSP4 gene identified at least five genetic groups (13, 26, 35) . The NSP4 nucleotide sequences and the deduced amino acid sequences of the KJ44 and KJ75 NSP4 gene were compared with the published NSP4 sequences of the representative rotavirus strains to determine the genetic grouping of the KJ44 and KJ75 strains. The KJ44 and KJ75 strains showed 100% amino acid identity between themselves and 95.9% to 96.6% amino acid (89.8% to 94.2% nucleotide) identity with the NSP4 genotype B, where all the porcine rotaviruses are assigned (data not shown). In contrast, the KJ44 and KJ75 strains showed only 82.2% to 85.5% amino acid (76.6% to 82.2% nucleotide) identity with the NSP4 genotype A, to which all the bovine rotaviruses belonged. Phylogenetically, the KJ44 and KJ75 strains were clustered within NSP4 genogroup B, which included both the porcine and human rotavirus strains, and were distant from the other genogroups (Fig. 4B) .
Sequence analysis of VP1, VP2, and VP3 of KJ44 and KJ75 strains. The partial nucleotide and deduced amino acid sequences of the VP1, VP2, and VP3 genes of the KJ44 and KJ75 strains were obtained. The partial VP1 genes of the KJ44 and KJ75 strains revealed 100% amino acid identity to each other and shared a higher homology (83% to 94.3% nucleotide and 90.2% to 100% amino acid sequence) with the porcine strains YM and Gottfried and the human strain Fin-G4-84-Major but a lower homology with the bovine strains RF and UKtc (72.6% to 73.0% nucleotide and 78.1% to 78.9% amino acid identity). In the phylogenetic tree, the KJ44 and KJ75 strains were clustered with the porcine strains YM and Gottfried and the human strain Fin-G4-84-Major (Fig. 5A ) but were distant from the other strains, including the bovine strains.
The partial VP2 genes of the KJ44 and KJ75 strains were relatively closely related to the porcine strain HP140 (85.7% and 85.9% nucleotide identity and 94.9% amino acid identity) and the human strain RMC321 (86.7% and 87.0% nucleotide identity and 94.9% amino acid identity). The phylogenetic tree showed that the KJ44 and KJ75 strains belonged to the same lineage as the porcine and human strains but not the bovine strains (Fig. 5B) .
However, the partial VP3 sequences of the KJ44 and KJ75 strains showed a high deduced amino acid sequence homology with the bovine strain RF (96.6% and 96.4% nucleotide and 99.4% and 98.6% amino acid identity) and the human strain 69M (92.9% and 92.8% nucleotide and 96.9% and 96.3% amino acid identity). The nucleotide and amino acid similarities among the KJ44 and KJ75 strains ranged from 99.8% of nucleotides and 99.4% of amino acids being fairly similar to each other. Among the strains compared in the phylogenetic tree, KJ44 and KJ75 were more closely related to the bovine strains RF and UKtc and the human strains 69M, DS1, and TB-Chen (Fig. 5C) .
Sequence analysis of NSP1, NSP2, NSP3, and NSP5 of KJ44 and KJ75 strains. A sequence comparison indicated that the NSP1 sequence of the KJ44 and KJ75 strains had the strongest relationship to the porcine rotavirus strain OSU (100% amino acid identity and 99.9% nucleotide identity) and showed close similarity (87.6% amino acid identity and 97.5% nucleotide identity) to the human rotavirus strain ST3. The phylogenetic tree was developed linking the KJ44 and KJ75 strains to the representative published porcine OSU strain as well as to the human strains ST3 and M37 (Fig. 6A) .
The NSP2 amino acid sequence similarities of the KJ44 and KJ75 strains to the sequences of other recognized NSP2 genes were 57.1% to 99.6% amino acid identity and 62.5% to 99.6% nucleotide identity. The highest degree of 99.6% amino acid identity (99.6% nucleotide identity) was also found with the porcine rotavirus strain OSU (data not shown). Phylogenetic analysis confirmed that the KJ44 and KJ75 strains belonged to the same lineage as the porcine strain, OSU, and were distantly related to the bovine strain (Fig. 6B) .
The nucleotide and the deduced amino acid sequences of the NSP3 gene of the KJ44 and KJ75 strains were compared with those of the other rotaviruses. The KJ44 and KJ75 strains showed the highest percentage of nucleotide and amino acid identity to the porcine strain OSU, sharing 99.7% nucleotide and 98.7% amino acid identity, respectively, and a high level of identity with the deduced proteins linked to the porcine OSU strain and the human strains in the phylogenetic tree (Fig. 7A) . The nucleotide and amino FIG. 3 . Phylogenetic tree of the VP4 protein of the KJ44 and KJ75 strains indicating its genetic relationship with other P genotypes. acid sequence of the NSP5 of the KJ44 and KJ75 strains shared high nucleotide and amino acid identity with the porcine rotaviruses, ranging from 95.4% to 98.6% and 96.5% to 98.3%, and a high identity with the porcine strain, OSU, in the phylogenetic tree (Fig. 7B) .
DISCUSSION
All 11 genomic segments encoding the VP1 to 4, 6, and 7 and NSP1 to 5 proteins of the bovine rotavirus strains KJ44 and KJ75, isolated from clinically infected calves, were sequenced, and the deduced amino acid sequences were compared with the other known sequences deposited in the GenBank database. Both sequence and phylogenetic analyses showed that these viruses were classified as belonging to the common bovine genotypes P [1] and P [5] and had bovine-related VP3. However, the other gene constellations analyzed were commonly identified in pigs. The fully sequenced VP7 gene of the KJ44 and KJ75 strains demonstrated the closest sequence homology to the porcine and equine G5 rotaviruses and only a slightly lower homology to the unusual human G5 strain (Table  3) . Phylogenetic analysis of the VP7 gene of the KJ44 and KJ75 strains revealed that the VP7 gene of the KJ44 and KJ75 strains clustered most closely with the porcine G5 strain OSU (Fig. 1) . Therefore, the VP7 sequence and phylogenetic analyses of the KJ44 and KJ75 strains suggest the porcine origin of these strains. Indeed, serotype G5 is one of the major porcine serotypes and has been associated with clinical infections in pigs and horses. Moreover, this serotype has recently emerged as an important cause of diarrhea in humans (23, 38, 40) . Surveys conducted in Brazil have detected this serotype in symptomatic children, which suggests that it may be a significant cause of childhood infection (23, 38) . To our knowledge, there is only one report that detected a bovine G5, P [1] rotavirus in a fecal sample from a calf with diarrhea in Brazil using nested multiplex RT-PCR (2). However, there is little information regarding the precise molecular nature of the bovine rotavirus carrying the G5 serotype. Therefore, this is the first report to detail the molecular nature of the bovine rotaviruses carrying the G5 serotype. These findings are expected to contribute to the growing body of evidence suggesting that interspecies transmission and reassortment events occur in nature. Although rotaviruses have a wide range of hosts, individual strains appear to be host restricted, and direct interspecies transmission has never been documented (35) . However, the segmented nature of the rotavirus genome provides a unique mechanism for reassortment between strains during mixed infections, suggesting that interspecies transmission and the reassortment of rotaviruses occur in nature (46, 47) . Although the KJ44 and KJ75 strains were isolated in the fecal samples of calves with diarrhea, the precise mechanism for how the present reassortment rotaviruses infected and caused the symptomatic infection to calves is unclear. One possible explanation is that the VP4 protein might play a key role in the infection of the present reassortant rotaviruses in calves because VP4 is a cell attachment protein (11, 54) . In this study, the P [1] and P [5] identified in each KJ44 and KJ75 strain are common genotypes of bovine rotaviruses. Overall, the bovine type VP4 of the KJ44 and KJ75 strains might provide an essential key for cell attachment and subsequent infection to calves.
VP6 is the major structural component of the rotavirus capsid and plays an important role in the virion structure because it interacts with both the outer capsid proteins, VP4 and VP7, and the core protein, VP2 (17) . VP6 bears the SG specificities that allow the group of rotaviruses to be classified into SGI, SGII, both SGI and II, or neither SG based on their reactivity with SG-specific monoclonal antibodies (17) . The rotaviruses (18, 25) , while SGII is a common human rotavirus (6, 7, 16, 21, 29) . In addition, it has been shown that substitutions at positions 296 to 299, 305, 306, 308, and 315 in the VP6 gene are capable of changing the reactivity to the SGI-and SGII-specific monoclonal antibodies (31) . The deduced amino acid sequences of all the strains serologically determined to be SGI showed an Ala residue at position 305, which is characteristic of SGI (31) . The residues 305 of the KJ44 and KJ75 strains were Ala, which is a pattern that is consistent with the SGI specificity. Phylogenetic analysis also showed that VP6 of both KJ44 and KJ75 strains belonged to SGI (Fig. 4A) . Studies of the genetic diversity of the rotavirus gene segment 10, encoding NSP4, have identified five genotypes (termed A to E) in human and animal rotaviruses with different G and P types (10, 12, 26, 45) . The NSP4 genotypes appear to cluster according to the rotavirus host species, suggesting a conserved pattern of evolution within the species (10). It was reported that bovine NSP4 belongs to genotype A, whereas porcine NSP4 belongs to genotype B. However, in this study, the bovine strains KJ44 and KJ75 were identified as NSP4 genotype B, which is typical of porcine rotaviruses. This suggests that the genotype B strains, KJ44 and KJ75, are also likely to be the result of reassortment between a genotype B porcine strain and bovine strains.
In conclusion, we have identified bovine rotavirus strains that display an unusual combination of bovine VP3 and VP4 and porcine VP1, VP2, VP6, VP7, and NSP1 to 5 gene alleles. The findings of this study reinforce the hypothesis that there is a dynamic interaction between the rotaviruses of cows and pigs and that reassortment can result in the stable introduction and successful spread of porcine gene alleles into bovine rotaviruses. These findings confirm that the bovine rotavirus strains with the G5 serotype occur in nature as new G genotypes in cattle as a probable result of the natural reassortment between bovine and porcine strains.
